In recent years intensive studies have been devoted to organic materials and advanced device structures to develop applications in the field of optics and photonics. [1] [2] [3] [4] Organic materials offer a number of attractive properties like, for example, ultrafast nonlinear optical response, electronic and photonic multifunctionality, compatibility with a variety of technological platforms, large active area, mechanical flexibility, and cost-effective fabrication. 5 In particular, organic lasers are of great interest due to the ability of molecules and polymers to provide efficient lasing in the solid state. 6, 7 Furthermore, the compatibility of organics with natural biomaterials makes organic photonics suitable to develop biocompatible and biodegradable devices. 8 Silk fibroin, the natural protein produced by the Bombyx mori caterpillar, is an attractive material for applications in organic photonics and electronics. 9, 10 Silk has shown outstanding photonic properties, which include high transparency and easy structuring at the optical wavelengths. We have previously demonstrated various optical components such as microlens arrays, waveguides, 9,11 and diffraction gratings. 12 As a biopolymer, silk fibroin is biocompatible and easily dopable with biological carriers providing functionalization of engineered devices. 13 Moreover it has been demonstrated that silk supports the adherence and neurite outgrowth of neurons, preserving neuronal functions. 14, 15 By extending the scope to organic lasers, the demonstrated suitability of silk for use in functionalized active optical components for biophotonics is further expanded.
Stilbene S-420 from Coherent, Inc. (molecular structure in Fig. 1(a) ), a subgroup of azo dyes, has been shown to have high emission quantum yield (QY) and a low-threshold for optical gain narrowing. Combined with these optical properties, its water-solubility makes it ideally compatible for blending with silk fibroin in water. In biology and chemistry, stilbene derivatives are a well-known class of natural phytochemicals, applicable to human health for cancer prevention and antiaging. 16 In this letter, we report on silk one-dimensional (1D) distributed feedback (DFB) laser using stilbene as laser dye. Lasing with an optical pump threshold intensity of 180 lJ/cm 2 (45 kW/cm 2 ) is achieved at 427 nm wavelength. Figure 1(b) shows the schematics of the DFB fabrication. A silicon dioxide film with a thickness of 1.5 lm and a refractive index of 1.46 was deposited on a silicon wafer using a plasma enhanced chemical vapor deposition system. 1D grating patterns with 40% and 50% duty cycle were generated by electron-beam lithography onto PMMA resist spin-coated on the SiO 2 film. Reactive ion etching tools transferred the grating pattern onto the SiO 2 film. The pitch of the grating was determined according to the Bragg condition, mk L ¼ 2n ef f K, in order to achieve overlapping of the lasing wavelength k L with the gain spectrum of the stilbene dye. Here, m is the order of the Bragg diffraction and K is the lattice constant. The effective index of the active layer, n eff , was considered as 1.5. To obtain surface-emission, we designed a second-order gratings with lattice constant varying between 265 nm and 275 nm. Figure 1 (c) shows a high resolution scanning electron microscope (SEM) image of the detached silk grating. Stilbene/silk mixture with a concentration of 5 wt. % (thickness $ 1.5 lm) was spin-coated onto the fabricated SiO 2 grating.
For lasing emission measurements, the sample was mounted in vacuum-chamber (10 À6 mbar) and pumped using the third harmonic from a Nd:YAG laser (355 nm, 4 ns pulse width, and 10 Hz repetition rate). An objective lens focused the pumping beam to a 80 lm spot size, at 20 with respect to the grating normal. The emitted light was detected using an optical multichannel analyzer along the normal to the grating substrate ( Fig. 2(a) ). Authors to whom the correspondence should be addressed. solution and in stilbene-doped silk film. To characterize the gain material, two stilbene-doped silk films (600 nm thick and 800 nm thick) were deposited on the SiO 2 substrates. The absorbance has a maximum at 355 nm and the PL has a maximum at around 450 nm. With respect to the water solution, stilbene molecules dispersed in silk show a slightly redshifted absorption spectrum and a structured PL emission profile. This behavior is consistent with the possible conformational stabilization of stilbene molecules in the solid matrix. 17 The photoluminescence QY was measured by exciting the samples at 375 nm. In order to check the reliability and reproducibility of the measurements, the QY was measured four times for each sample and the values were found to be highly reproducible, as shown in Table I . The high QY is most likely due to the stilbene being confined in the silk matrix such that the stilbene molecule is planarized and not able to freely rotate like in solution. Indeed the well-structured emission spectrum of stilbene in silk corroborates this hypothesis. Thus, it is expected a decrease of the amount of the available non-radiative deactivation paths with consequent increase of the emission efficiency.
In Figure 3 we report the lasing characterization of the stilbene-doped silk film onto DFB gratings. For pumping above the lasing threshold ( Fig. 3(a) ), a narrow peak emerges at 427 nm with the full width at half maximum (FWHM) value approaching the limit of the spectrometer resolution (about 1 nm). The emission spectrum excited below the lasing threshold is broad (40 nm FWHM) and partially modulated by internal reflections in the SiO 2 /silk/air waveguide slab.
As reported in Table II , we observed that stilbene lasing wavelength was blue-shifted when the lattice constant of the grating decreased regardless the duty cycle. This evidence is well in accordance with the Bragg's law even though variability of lasing wavelengths correlated to the specific investigated grating is present. Moreover, the pump energy needed for laser oscillation tends to increase as the laser wavelength ) is clearly evident. Exciting the stilbene-doped silk film outside of the SiO 2 grating region resulted in a linear increase of the output intensity as a function of the input intensity. Therefore, one can conclude that the observed threshold behavior is not simply due to amplified spontaneous emission (ASE).
The stilbene/silk DFB laser provides a lasing threshold almost an order-of-magnitude lower than those reported for stilbene DFB lasers 18 where stilbene is dispersed within an UV-curable resin, which is then molded with a grating structure. This result is even more interesting considering that imprinted optically active polymeric structures typically exhibit better performances with respect to optically active polymers spin-coated onto silica DFB patterns. 19 Thus, it is evident that the specific chemical-physical interaction between silk and stilbene salt-derivative plays a fundamental role in determining the photonic properties of the silk-based lasing system. Indeed, it has been shown that other biocompatible polymers implemented as dispersing matrix for organic lasing dyes, e.g., DNA-CTMA based thin-film, 20 present a lasing threshold 2 orders of magnitude higher than that found in silk, when measured in the same experimental conditions. The dye stabilization in silk is related to the viscosity of the matrix. It is well-known that viscosity can have a dramatic effect on the optical and spectroscopic features of fluorophores such as stilbene derivatives. 21 Typically, rotation around the double bond in the molecule exited state, which is responsible for the fluorescence quenching, is expected to be hindered with increasing matrix viscosity.
We also mention that the repulsive electrostatic interaction between the negatively charged stilbene moieties (originated by the SO 3 À anion) and the chains of the silk fibroin, endowed with both acid an basic functional groups, 22 might also favorably affect the molecular rearrangement of the lasing dye.
From the application point of view, the possibility to incorporate in a silk matrix biocompatible organic and inorganic dyes can be useful for the realization of label-free optical detection. Indeed, the variation of the silk matrix refractive index upon exposure to specific environment or analytes induces the variation of the silk laser characteristics. In perspective, the full implementation of silk-based photonic devices in portable and high throughput lab-on-a-chip devices can be preferentially obtained by patterning directly the photonic lattice on silk thin films. 23 Finally, it is worth mentioning that nanopatterned DFB silk thin-films can be implemented as biological lasers 24 compatible with the support, adherence and outgrowth of cells (i.e., neurons 15 ), thus enabling novel non-linear detection and imaging schemes.
In conclusion, we have realized a low threshold stilbene/ silk DFB laser by combining two biocompatible optical materials. The stilbene/silk film shows high QY and a sharp lasing peak. These findings may open perspectives for applications of optically active silk in biophotonics and biological sensors. (a) Photoluminescence spectra of stilbenedoped silk collected in reflection at excitation pump intensity below (black line) and above (red line) the lasing threshold pump intensity. At low pump intensity it is evident the modulation of the photoluminescence spectrum due to the presence of the grating. Dependence of the photoluminescence full width at half maximum (b) and intensity (c) on the excitation pump intensity. The lasing threshold pump intensity is indicated by the dashed lines. 
